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In this letter, we design and demonstrate an improved MOCVD grown reverse Al-composition graded contact layer to achieve low resistance contact to MOCVD grown ultra-wide bandgap (UWBG) Al 0.70 Ga 0.30 N channel metalsemiconductor field-effect transistors (MESFETs). Increasing the thickness of the reverse graded layer was found to improve contact layer resistance significantly, leading to contact resistance of 3.3×10 
where n s is the sheet charge density in the channel and µ is the carrier mobility. 1 Since the saturated velocity v sat in Al x Ga 1-x N is expected to be similar to GaN, the Johnson figure of merit (JFOM)
for these materials are expected to be much higher than GaN. [2] [3] [4] Devices fabricated with high Al-composition 11 In these structures, the composition of Al x Ga 1-x N in the contact region is gradually varied from the channel composition to a lower composition, while the material is doped with [Si + ] to ensure it remains n-type. The metal-semiconductor contact resistance is low in these cases since contact is being made to GaN. Since the material is gradually graded, there are no abrupt semiconductor band offsets to impede electron transport. These molecular beam epitaxy (MBE) grown devices, however, have significantly lower mobility than theoretically predicted. 12 The origin of the low mobility is still being investigated. 13 In contrast, metalorganic chemical vapor deposition (MOCVD) grown high Al-composition Al x Ga 1-x N channels have been shown to have much higher mobility due to superior compositional uniformity, with electron mobility exceeding 150 cm 2 /V·s. 5 Therefore, in this work we focus on achieving low-resistance MOCVD-grown graded contact layers to MOCVD-grown high Al-composition Al x Ga 1-x N channels.
We now discuss some considerations necessary for the design of the reverse-graded contact layer. The (Al)GaN material system displays strong polarization effect due to the large piezoelectric polarization originating from the large ionicity of the (Al)Ga-N bonds and the strong spontaneous polarization resulting from the uniaxial nature of the crystal coupled with the non-ideal c/a ratio of the wurtzite structure. 14, 15 Compositional grading of such polar materials produces bound polarization "bulk" charge density given by = −∇ ⋅ , where P is the sum of spontaneous and piezoelectric polarization in Al x Ga 1-x N alloys. 15 When the Al-composition in Al x Ga 1-x N is graded from higher to lower Al-composition, a negative polarization charge is formed, causing a positive curvature in the energy band profile. 11 To compensate for this negative polarization charge and obtain a flat conduction band profile, it is necessary to introduce heavy n-type doping via [Si + ] incorporation in the lattice to produce a low resistance effective n-type region. 11 The resistivity of the compositionally graded contact layer, ρ graded , can be described by
where q, µ, N D (z) and P[x(z)] are the elementary electronic charge, carrier mobility, impurity doping density in the film and the polarization in the graded layer, respectively.
Doping of high Al-composition Al x Ga 1-x N films has been studied for both MBE and MOCVD growth techniques. Although reports of conductive high Al-composition Al x Ga 1-x N films exist for both methods, a discrepancy in the maximum achievable doping density has been observed between these two techniques. [16] [17] [18] [19] [20] [21] While studies with MBE grown high Al-content Al x Ga 1-x N films have consistently achieved high doping density above mid-10 19 cm -3 for x < 0.8, such reports have been inconsistent for MOCVD grown samples. [16] [17] [18] [19] [20] [21] The likely reason for this discrepancy is that for MOCVD grown Al x Ga 1-x N films, dopant incorporation has been found to be a strong function of the Al-composition of the film and high dopant incorporation becomes more challenging for higher Alcontent Al x Ga 1-x N -which compounds the difficulty of growing reverse-graded contact layers for high Alcomposition Al x Ga 1-x N. 19, 20 This is different from MBE-grown Al x Ga 1-x N films where dopant incorporation was found to be independent of the Al-composition of the film. 16, 17 Thus, while MBE can achieve degenerately doped Al-composition graded contact layer using the same growth condition, a continuous shift in optimum dopant incorporation condition makes growing such uniformly high doped Al-composition graded Al x Ga 1-x N films challenging for MOCVD. Equation 1 predicts that for a 50 nm linearly down-graded contact layer with x graded from 0.7 to 0, like previous reports, an activated dopant density needs to be higher than 8×10 18 cm -3 , throughout the contact layer, to achieve low-resistance films -a challenging problem for MOCVD due to the reasons mentioned above. 22, 23 This indicates that the contact layer resistance is sensitive to the dopant incorporation, and it is critical for the activated dopant density to be higher than the negative polarization charge density. Thus, to achieve lower contact resistance in MOCVD grown graded contact layers, it is necessary to reduce the negative polarization charge density in the graded contact layers, ρ graded , by reducing the factor, ∇ [ ( )] -gradient of the polarization charge.
Two different contact layer structures were investigated for this study -both grown on an n-type Al 0.70 Ga 0.30 N channel with a doping of 4.5×10 18 cm -3 . For Sample A (Figure 1(a) ), the contact layer was graded from x=0.7 to x=0 over 50 nm, like previous reports, which requires [Si + ] > 8×10 18 cm -3 for polarization charge compensation (Figure 1(b) ). 22, 23 For sample B (Figure 1(c) ), the Al-composition was graded from x=0.7 to x=0.3 over 150 nm such that a lower [Si + ] concentration, can compensate the negative polarization charge density (Figure 1(d) ). While a lower x at the top surface of the contact layer yields a lower metal-semiconductor resistance, the contact layer resistance will be higher due to a higher negative polarization charge density due to larger compositional grading and vice versa. A terminating Al-composition of x=0.3 was thus chosen for the second case, since metalsemiconductor contact resistance of low-10 -5 Ω-cm 2 is expected for Al 0.3 Ga 0.7 N, which is sufficient for a proof of concept demonstration. 24 The thickness was chosen to be 150 nm, to reduce the negative polarization charge density even further so as to ensure a low resistance contact layer with a uniform N D = 3×10 18 cm -3 , which can be easily achieved for MOCVD for x < 0.8.
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The structures were grown using MOCVD on an AlN on sapphire template with a 100 nm channel with a doping density of 4.5×10 18 cm -3 in the channel and 1×10 19 cm -3 in the graded contact layer. The source/drain contacts were formed by depositing Ti/Al/Ni/Au metal stack using e-beam evaporation. The contacts on sample B were then annealed at 850 ⁰C for 30 seconds using a rapid thermal annealing (RTA) system to form alloyed contacts, followed by ICP-RIE plasma etch to define device isolation mesas. The active areas of the devices were defined by selectively recessing the graded contact layer between the source and drain contacts. Over-recessing was performed to ensure complete removal of the graded contact layer such that 40 nm of the channel remained after the contact-layer recess.
Electrical characteristics were measured using an Agilent B1500A semiconductor device analyzer. Twoterminal IV on the fabricated samples showed that sample A had non-linear IV characteristics which indicates the negative polarization charge in the contact layer has not been fully compensated. This indicates that the activated dopant density was lower than 8×10 were not performed on sample A, due to the non-linear nature of the contacts. A comparison of the specific contact resistivity for state-of-the-art MOCVD-grown Al x Ga 1-x N channel transistors with x > 0.5 is shown in Figure 3 . As can be seen the specific contact resistivity obtained for sample B is the lowest observed for any MOCVD grown Al x Ga 1-x N channel devices to date for x > 0.5. The contact layer resistivity was estimated to be approximately 1×10 -5 Ω·cm 2 which is, however, higher than MBE grown contact layers. Since Equation (1) predicts that the incorporated dopant density should be sufficient to compensate for the negative polarization charge and provide low resistance contact, the higher resistance could be originating from a) non-uniform grading of the contact layer leading to higher localized polarization charge and/or b) lower localized [Si + ] incorporation -both of which can lead to high resistance regions. This indicates that further growth optimization is required.
Metal-semiconductor field effect transistor (MESFET) structures were fabricated on sample B by depositing a gate metal stack of Ni/Au/Ni using e-beam evaporation. A schematic of the final fully processed sample structure is shown in Figure 4 . Transfer IV characteristics ( Figure 5(a) ) measured for devices with L G = 0.6 μm and L SD = 1.5 μm (V DS = +20 V) showed a pinch-off voltage of -16 V and a maximum transconductance of 38 mS/mm. Output electrical characteristics ( Figure 5(b) ) measured on the same device showed a maximum current density of 635 mA/mm (V GS = +2 V), which to the best of our knowledge is the highest current density achieved for Al x Ga 1-x N channel devices with x > 0.5 to date. 2-D technology computer aided design (TCAD) simulator, Silvaco, was used to model the described device structure. 25 As can be seen, good match is obtained for transfer characteristics and the saturated current density. However, some deviation is observed in the slope of the output curves in the linear region -most likely originating from a mismatch between the field dependent mobility model in Silvaco and the actual device characteristics. Three-terminal breakdown characteristics of the MESFETs ( Figure 6 ) measured at V GS = −20 V for devices with gate-drain spacing, L GD = 0.77 µm, showed no breakdown up to V GD = +220 V, which translates to an average field of 2.86 MV/cm, almost 3× higher than that exhibited by lateral GaN channel devices with similar dimensions. The breakdown is mainly limited by the gate leakage current which is the primary contributor to the drain current in the three terminal breakdown measurement. Thus, the breakdown characteristics can be further improved by the addition of a gate dielectric such as Al 2 O 3 . 
